Abstract-We report the development of fully integrated peristaltic multistage (18-, 4-, and 2-stage) electrostatic gas micropumps with integrated active microvalves. These micropumps uniquely combine a number of approaches to achieve highpressure, high flow rate, multimode, and low-power pumping of compressible gases: 1) multistage (up to 18-stage) configuration to generate high pressure accumulation across the pump, while allowing each stage to operate at low pressure burden; 2) gas resonance-based high-frequency (>10 kHz) operation of both the micropumps and the microvalves to achieve high mass flow rates despite the small volume displacement of microscale membranes; 3) active timing control of microvalves to regulate compressible gas pumping into multiple modes for either high flow rate or high pressure; and 4) electrostatic actuation to minimize power consumption despite multiple (up to 28) membrane operation. The multistage micropumps contain 18, 4, and 2 pumps connected in series sandwiched by 19, 5, and 3 microvalves, respectively. The fabricated 18-, 4-, and 2-stage pumps, respectively, produced high air flow rates of ∼4.0, 3.0, and 2.7 sccm and maximum pressure differentials of ∼17.5, 7.0, and 2.5 kPa with total power consumptions of only ∼57, 15.1 and 9.1 mW, respectively. They have active areas of 15.5 × 12.7 and 18.3 × 7.1, 15.0 × 7.0 mm 2 , and total package volumes of 25.1 × 19.1 × 1, 27.8 × 11.6 × 1, and 23.0 × 12.4 × 1 mm 3 , respectively. They demonstrated two pumping modes using different microvalve timing (high flow rate timing and high pressure timing), resulting in notable changes in flow rates and pressure generation. One 4-stage micropump has been actuated for a total running time of more than 700 min over 32 months.
fields from environmental and health monitoring to bio-and pharmaceutical research, including gas or water monitoring [1] , blood, saliva, and breath analysis [2] , [3] , cell or tissue handling [4] , [5] , micro fuel cells [6] [7] [8] , lab-on-a-chip [9] , drug delivery [10] , and drug testing.
Despite full miniaturization of some components, such as micro columns and sensors [11] , [12] , the miniaturization of a fluidic pumping component still remains as one major challenge in realizing true miniaturization of entire analytical instruments. Resultantly, most chip-scale sensor components have been utilized in connection to 'large-scale' fluid delivery systems, such as gas cylinders [13] , syringe pumps [14] or motor-based mechanical pumps [15] , which prevent true miniaturization of fully integrated systems. For example, numerous tiny lab-on-chips that mix, sort, and separate biocells and culture embryonic stem cells in micro channels and reactors still rely on 'macro-scale' syringe pumps and gas cylinders, limiting full-system portability [5] , [16] [17] [18] .
The challenge becomes exacerbated in the handling of gases due to their compressibility. For example, when a volume of a gas is compressed by a certain amount, the same volume of gas is not necessarily moved out of the volume, as is typically observed in incompressible liquids. In some cases, the gas might not be pumped out at all, just being compressed. Additionally, the amount of gas to be pumped does not proportionally increase with the frequency with which the volume is compressed.
With these difficulties, previous gas micropumps [19] - [75] have lagged behind in development compared to liquid micropumps, and have shown mostly limited performance to be used for the emerging micro analytical systems in terms of flow rate, pressure, operation modes and power. For example, previously reported gas micropumps generally have shown either low flow-rates (<1sccm), low pressure generation (<7kPa), only a single operation mode (i.e. only on-off operation) or high power consumption (>1.0watt), failing to meet the requirements for the operation of a micro gas chromatography system [1] , [76] [77] [78] [79] [80] that is an ultimate goal of this development. The limited flow rate is mainly caused by the small stroke volume of a pumping membrane, while pressure is limited by the small actuation forces available in the micro domain. Additionally, gas pumping becomes unpredictable due to the compressibility of gases above a certain operating frequency, leading to typical on/off (single-mode) operation. Some micropumps [19] - [41] have utilized the high-efficiency resonance of gases where gas flow rates suddenly peak in order to produce high mass flow rates, while others [45] [46] [47] [48] [49] , [51] explored using high-force actuation to produce high pressure, such as electromagnetic or pneumatic pumps, in trade-offs with power consumption and sizes. As of yet, there are no available gas micropumps that simultaneously achieved all the aforementioned performance categories. Recent developments of non-diaphragm pumps, such as Knudsen pumps, are notable, demonstrating comparable flow rates and high vacuum pressure [68] , [69] ; yet they require further improvement in performance-power optimization.
In order to overcome the aforementioned limitations in gas micropump performance, this paper reports multiplestage micro gas pumps that uniquely combine a number of approaches to achieve high-pressure, high flow-rate, multimode and low-power operation: (1) multi-stage configuration with a particular compression ratio to enable high pressure accumulation across the pump, while allowing each stage to operate at low pressure burden within its capacity; (2) gas resonance-based pumping at a high frequency to achieve high mass flow rates despite the small volume displacement of individual membranes; (3) active timing control of microvalves to regulate compressible gas pumping into multiple modes for either high flow rate or high pressure; and (4) electrostatic actuation to minimize power consumption despite multiple membrane (up to 28) operation.
In previous theoretical studies [2] , we had proposed a thermodynamic analytical model to study the performance of a multi-stage configuration to generate high pressure and the effects of a valve timing to regulate pumping flows, mostly through a meso-scale (×20 times) device. In this paper, we report the full development and the performance results of integrated 18, 4, and 2-stage gas micropumps with active microvalves. Specifically, it discusses the design concept, operation principle, structure, fabrication and testing results of the fabricated peristaltic gas micropumps.
II. DESIGN CONCEPT AND STRUCTURES
The 18-stage pump utilizes a peristaltic multi-stage configuration to obtain a high-pressure difference across the entire pump by accumulating small pressure at each stage ( Fig. 1-(top) ). Such pressure-accumulation becomes possible only when the total pressure is uniformly distributed across individual stages through a low-compression design. The low-compression design can be achieved when the volume compressed by a single membrane is small compared to the overall pumping chamber volume. In contrast, a simple cascade of several micropumps generally leads to performance degradation due to non-uniform pressure distribution and pressure overloading in the last few stages. The pressure of a multi-stage gas pump is thermodynamically related to the mass flow rate (Q) as represented in a set of equations [81] ;
where V is volume displacement, P o is the standard atmospheric pressure, n is the stage index number, V max is the maximum chamber volume, V min is the minimum chamber volume, f is membrane compression frequency, and p c is the polytrophic constant ( p c =1 for isothermal flow). By combining the compression ratio, defined as in Eq. 2,
the Eq. 1 results in the distribution of pressure drops for each stage depending on CR [81] . The resultant distribution indicates that when CR is higher than 10%, the pressure across the last stage is more than 10 kPa, while the pressure across the 1 st stage is only ∼1 kPa. In this case, since the pressure at the last stage exceeds, for example, the electrostatic actuation limits (3.2 kPa at a gap distance of 7.5 μm at an input voltage of 200 V), the membrane of the last stage fails to appropriately operate, thus degrading the overall pressure. Therefore, when multiple pumps are serially connected to achieve high pressure difference, the CR must be low to maintain equal pressure drops across all stages and avoid overloading the last stages. Such a low compression ratio, instead, would require a larger number of stages to reach the desired total pressure. For the designs reported here, a CR of 7% was selected to maintain the pressure drop across each stage as approximately equal. With this CR of 7%, at least 12 stages are needed to achieve the pressure of >50 kPa. An 18-stage design is selected to accommodate departures from theoretical calculations, and to simplify layout. The 18-stage pump actuates pumping membranes at a high-frequency and at fluidic resonance and generates a high flow rate by utilizing Helmholtz resonance [82] [83] [84] . The scaling of a membrane size naturally leads to efficient highfrequency vibration. Typically the resonance frequency is formed at a high frequency region (>10 kHz) with a cavity size of only 0.1-1 mm 3 . The membranes are made from flexible polymer (Parylene) films to maximize the stroke volume, and are electrostatically-actuated for low-power and high-speed operation. The use of 'pull-pull' dual-electrodes and 'powersaving' curved electrodes [85] maximizes the gas flow rate.
The 18-stage pump consists of serially-connected 2-stage units ( Fig. 1-(bottom) ). Each 2-stage unit includes two (dual) pumping chambers formed in the top and bottom wafers and inlet and outlet (transfer) microvalves formed between the two bonded-wafers. Dual-pumping chambers reduce the overall size of the pump by stacking two chambers on top of each other. When the membrane moves downward, the lower chamber experiences compression and pressure rise, while the upper chamber experiences expansion and pressure drop. Such complementary pressure generation by a single membrane obviates the need for separate control signals for alternative stages. Inlet and outlet microvalves open or close gas flow depending on the match or mismatch of holes between the valve membrane and one of the dual electrodes. Each microvalve is comprised of two perforated electrodes and a polymer membrane with through holes. Perforation holes and membrane holes are staggered and form a checkerboard pattern, as shown in Fig. 3 -(bottom).
III. OPERATION Figure 2 shows the peristaltic operation of the multi-stage micropump. Gas is pumped successively from one pumping chamber to the next. With all the valves closed, the pumping membrane is moved up to compress the top chamber causing the pressure in the top chamber to rise. Simultaneously, the same movement expands the bottom chamber causing the pressure in the bottom chamber to fall ( Fig. 2-(a) ). When the pressure in the top chamber becomes higher than the pressure in the bottom chamber, the inlet checkerboard microvalve is opened and gas is transferred from the top chamber of the current stage to the bottom chamber of the next stage following the pressure gradient ( Fig. 2-(b) ). During this period, gas is also brought into the first chamber from outside. When the membrane reaches the top, all valves are closed. The membrane is now moving down thus compressing the bottom chamber while expanding the top chamber at the same time. This movement causes the pressure in the bottom chamber to increase and the pressure in the top chamber to decrease ( Fig. 2-(c) ). When the pressure differential between these two chambers reaches the desired value, the outlet microvalve is opened, and gas is transferred from the bottom chamber to the top chamber ( Fig. 2-(d) ). This completes one cycle, and this cycle is repeated at the operating frequency of the micropump (>10 kHz). It is noted that all pumping, inlet valve, and outlet valve membranes are respectively synchronized in motion, and thus require only three electrical drive signals regardless of the total number of stages.
The pump can be operated in multiple modes by adjusting the duration of gas compression, as shown in Fig. 3 . This adjustment is performed by extending or shortening duration when each microvalve is held open in association with the pumping membrane. Such microvalve timing can be defined by delay time (t d ), and valve opening time (t vo ). Delay time is the period between the start of gas compression by the pumping membrane and the opening of the outlet microvalve, while valve opening time indicates the length of time the microvalve stays open. The delay time allows gas to be compressed to produce a pressure rise, and the valve opening time controls the gas transfer period between stages. Although this timing could be changed in many different cases, we focused on two cases: (1) High Flow rate Timing (HFT) where t d is near zero and t vo is 0.5 T and (2) High Pressure Timing (HPT) where t d is 0.25 T and t vo is 0.25 T. In the first case (HFT), as soon as the gas in the top chamber is compressed by the rising membrane, the outlet microvalve is immediately opened. Thus, the gas in the top chamber experiences minimum compression and is given the maximum period to transfer: for example, close to half the cycle, 0.5T. Therefore, the pressure rise is very small while the gas flow rate is maximized. In the second case (HPT), once gas compression starts, the microvalve is opened with a certain period of delay. Then, the gas in the chamber under compression will be given a longer compression period and a shorter transfer period: for example, 0.25T. Thus, the resultant pressure rise is high while the flow rate is reduced.
IV. LAYOUT
The conceptual layout of an 18-stage micropump is described in Fig. 4 , showing the fluidic path from the inlet to the outlet. The 18-stage micropumps consist of 9 twostage units (9 pumping membranes) and 19 microvalves, while 4-stage and 2-stage micropumps consist of 2 and 1 pumping membranes and 5 and 3 microvalves, respectively. In this layout, each square represents the location of a pump (P), an inlet valve (I), or a transfer valve (T). Two round circles represent a pump inlet (left) and a gas outlet (right), and the arrows represent the gas flow path through embedded micro channels formed between two wafers. The straight (blue) arrow represents gas flow through the top wafer, while the dotted (red) arrow represents the gas flow through the bottom wafer. First, gas is introduced from the inlet to the first inlet valve (I1) following the straight (blue) arrow through an embedded (invisible) fluidic channel on the top wafer. Then, gas travels from the top wafer down to the bottom wafer through the first inlet microvalve (I1) and continues to travel following another fluidic channel to the bottom chamber of the first pump (P_bottom) on the bottom wafer and to the second microvalve (T2). Through the second microvalve (T2), gas goes from the bottom wafer to the top wafer. Then, it progresses to the top chamber of the first pump (P_top) and finally to the next inlet microvalve (I3). It repeats such a progression through the rest of the 18-stages to the outlet. Figure 5 shows the micropump fabrication process that involves bonding and membrane transfer among two device and one carrier wafers. First, the device wafers (top and bottom) were bulk-micromachined to form pumping chambers, fluidic channels, and fixed electrodes. The areas of micropumps and microvalves (2 × 2mm 2 each) were recessed by 5∼7.5 μm using Deep Reactive Ion Etching (DRIE) (Fig. 5-(a) ). The depth of the recess determines the gap distance from the membranes to the electrodes. Next, the device wafers were boron-doped, thermally oxidized (∼0.7 μm), and consecutively etched using DRIE and tetramethylammonium hydroxide (TMAH) (Fig. 5-(b,c) ) forming the released electrodes as well as pumping chambers underneath (88-μm deep). The boron-doping provided electrical conductivity for electrodes as well as etching resistance against TMAH etching. The electrode contained perforation holes (15 × 15 and 20 × 20 μm 2 ) that allowed TMAH etching solution to reach the un-doped silicon substrate underneath. Then, the whole wafers were conformally coated with a thin layer of Parylene that works as an insulation and bonding layer. It is notable that the released electrode (>10.7 μm in thickness) may be curved through buckling by adjusting the stress, thickness, and sequence of the deposited thin films [85] , [86] to lower the operating voltages.
V. TECHNOLOGY AND FABRICATION
On a separate carrier wafer, a thin and flexible membrane was constructed as the actuation membranes for micropumps and microvalves. The carrier wafer utilized an as-cut wafer with a surface roughness of a few μm (Fig. 5-(d) ). The as-cut wafer was coated with a sacrificial photoresist layer (AZ 9260) to prevent direct deposition of the Parylene film on the silicon surface and also flatten the rough surface profile. Then, a thin sandwich layer of Parylene (1.5 μm), metals (Cr/Au/Cr, 300/3000/300 Å), Parylene (1.5 μm) was deposited and patterned. Next, the sandwich layer was locally etched through to form valve holes by oxygen plasma etching (Fig. 5-(e) ). Finally, the composite membrane was released, being held only around the periphery, by dissolving the sacrificial photoresist layer in Acetone (Fig. 5-(f) ).
Next, the carrier wafer was bonded to the first device wafer and then separated, thus transferring the thin (∼3.4 μm) composite membrane with precise alignment (Fig. 5-(g) ).
Transfer-bonding was performed by utilizing the previously developed membrane-transfer technique [87] , resulting in slightly tensile and thus flat membrane for equal gap distance toward both electrodes. For transfer, the perimeter of the membrane on the carrier wafer was cut using a razor after the bonding. This was a completely dry process, preventing possible membrane stiction. Note that this transfer process was performed with high precision to align valve hole arrays between the membrane and the bottom electrode (Fig. 7) . For example, the through-holes (15 × 15 and 20 × 20 μm 2 ) on the inlet valve membranes matched the holes on the electrode (Fig. 7-(right) ). In contrast, the patterns on the transfer (outlet) valve membranes do not match those on the electrodes such that the holes on the electrode were not visible ( Fig. 7-(left) ). Note that the misalignment tolerance was 7.5 um in order to ensure the minimum 10 um spacing around a valve hole (20 um) for proper electrostatic sealing when the membrane was collapsed to the inter-hole space (55 um) on the electrodes. The valve hole arrays existed only in the central part (within 1 × 1mm 2 ) of the microvalve membrane to ensure complete closure.
Finally, the second device wafer was bonded to the first device wafer with the transferred membrane on it, to complete the pump structure ( Fig. 5-(h) ). The bonding was performed at a low-temperature (<230°C) to avoid damaging the polymer membrane inside by utilizing the Parylene-bonding technique [88] [89] [90] [91] . Finally, inlet and outlet interconnection holes, as well as electrical feed-through holes, were formed ( Fig. 5-(i) ). Note that Parylene was simultaneously used (1) as a bonding agent, (2) as an actuation membrane, and (3) as an insulating layer. It is also significant to note that a single and complete fluidic path was formed between the inlet and the outlet throughout both sides of the wafers only when two wafers were aligned precisely and bonded. Figure 6 summarizes the final dimensions, and Figure 8 shows the pumping membrane fabrication at each step. The final 18-stage, 4-stage, and 2-stage devices, as shown in Fig. 9-(left) , have active areas with footprints of 15.5 × 12.7mm 2 , 18.3 × 7.1mm 2 , 15.0 × 7.0mm 2 , and total package volumes of 25.1 × 19.1 × 1mm 3 , 27.8 × 11.6 × 1mm 3 , 23.0 × 12.4 × 1mm 3 , respectively. Each actuation membrane (both pumping and valve membranes) is represented as white squares indicating the actual locations and sizes ( Fig. 9-(right) ).
VI. TESTING SET-UP
To drive the multi-stage micropump, five electrical signals were required, each for a pumping membrane (AC signal), an inlet valve (AC signal), a transfer valve (AC signal), and two substrates (DC signal). The three AC signals actuated the pump membrane, the inlet valve, and the transfer valve membranes, while the two DC signals provided reference voltages to each non-moving electrode for electrostatic actuation. The AC signals were synchronized to a single frequency but with different duty cycles for peristaltic operation. For synchronization, three function generators -one as master (Agilent 33220A) and two as slave (Agilent 33120A) -were formed into a master-slave triggering system. The master function generator provided actuation signals to the pumping membrane as well as triggers to the two slave function generators that controlled microvalves in synchronization with the pumping membrane but with different duty cycles (20 and 50%), respectively for HFT and HPT. AC signals were amplified to ±100 V by three amplifiers (two Tegam 2350's and one Krohn-Hite 7602M) for each pump and valve membrane. DC signals were provided by two DC power supplies (Sorenson DCS 150-7E).
For fluidic interconnection, Nanoports© (Upchurch Scientific) were attached on top of the inlet and outlet ports (ID 0.8 mm) by using epoxy. Gas leakage of a test-setup was evaluated by sealing one end, applying the maximum pressure (20 kPa), available from the fabricated pump, with nitrogen gas to the other end, and by reading the flow meter values. The resultant leak rate was measured as two to six μl/min (0.002∼0.006 sccm), which was considerably small compared to the measured flow rates (>1 sccm) reported later in the paper.
VII. MEASUREMENT RESULTS
The fabricated 18-stage micropump as well as 4-stage and 2-stage pumps were tested at different operating voltages, frequencies, and microvalve timing, while being monitored using electronic mass flow meters and pressure transducers. Gas pumping performance, including flow rate, pressure differential, pumping mode regulation, and power consumption were measured. Note that 2-stage and 4-stage pumps were evaluated as basic reference units since the pump structures were fabricated in even stages due to the stacked chamber structure.
A. Flow Rate Vs. Operation Frequency and Voltage
Flow rate was monitored to find the resonant frequency for optimum gas pumping, while the micropump was operated under a ±100 V square wave signal over frequencies between 1 to 25 kHz using 18-stage, 4-stage, and 2-stage micropumps. To maximize its flow rate, the micropump was actuated with high flow rate valve timing (HFT). In HFT, both pumping and valve membranes were operated simultaneously by the same signal. Then, the variation of the maximum flow rate was monitored as a function of operating voltage between ±60 V and ±100 V. Note that from the ±60 V the micropumps started producing a significant amount of gas flow, which was hypothesized as the point when the collapsed membrane started covering all the valve holes. The upper limit of ±100 V was set by the max voltage of the testing set-up. Note that above 25 kHz, both the flow rate and pressure consistently decayed down at least up to 100 kHz. We defined the system resonance as the conditions where the whole system generates the maximum performance.
Test results showed that high-speed gas transfer was obtained by actuating the small membrane (2 × 2 mm 2 ) at fluidic resonance that appeared distinctly as a peak in the flow rate, as shown in Fig. 10-(a) . At their peaks, flow rates of 4.0, 3.0, and 2.7 sccm were measured from the 18-stage, 4-stage, and 2-stage micropumps, respectively. The 18-stage pump had a resonance at 17 kHz, while the 4-stage and 2-stage pumps had a resonance at 14 kHz. These resonance frequencies were close because pumping chambers in the individual micropumps had the same dimensions, while the deviation of the 18-stage pump could stem from the accumulated fluidic parasitic resistance and capacitance from the dead volumes of connecting channels among stages. It is noteworthy to mention that the peak shape of the 18-stage pump was broader than those of 2-and 4-stage pumps. This could result from slight mismatches of resonance frequencies among the 18 stages.
Test results also showed that the flow rate improved as the operating voltage increased at their respective resonance frequencies, as shown in Fig. 10-(b) . The flow rates increased from near zero to 4.0 sccm in the 18-stage pump with the increasing voltages from ±60 V to ±100 V. Such increase in flow rates clearly implies that larger membrane deflection played an important role in gas sealing through increased stroke volumes. If a membrane does not deflect sufficiently, the checkerboard microvalve would stay open, which would cause incomplete gas sealing, incomplete compression, possible leakage, and thus reduced pumping capacity.
B. Pressure Vs. Operation Frequency, Voltage, Number of Stages
The maximum pressure was monitored over frequencies from 1 to 25 kHz using a square wave signal between ±60-100 V in high pressure timing (HPT), while the micropump was operated against a closed micro chamber containing a pressure transducer. The closed chamber was formed by pinching the end of a plastic tube connected to the outlet of the micropump. During the pumping of gases into the closed chamber, the pressure in the chamber increased to a maximum and the flow rate decreased to zero or a constant leakage (2∼6 μl/min).
Fabricated 18-, 4-, and 2-stage micropumps produced maximum pressure differences of ∼17.5, 7.0, and 2.5kPa under high pressure timing (HPT), as shown in Fig. 11-(a) . The maximum pressure was measured when the corresponding flow rate was saturated to a constant value (<6 μl/min) close to zero, which took about 10 to 15 seconds depending on the length of interconnection tubes. The measured maximum pressure value showed peak values (17.5, 7.0, and 2.5 kPa) around fluidic resonant frequencies of 15, 17, and 9 kHz, respectively. Note that these frequencies for the maximum pressure were different from the frequencies of 17, 14, and 14 kHz for the maximum flow rate, as reported in the earlier section. The measured maximum pressure of 17.5 kPa was the highest pressure generated by any electrostatic MEMS gas micropump, sufficient for a short-column (25cm) GC operation reported in [91] .
Most notably, measurement results clearly showed pressure accumulation though multi-stages. Such pressureaccumulation through multiple stages was shown for the first time by any MEMS pumps. Note that the flow rate, on the other hand, did not vary with the increased number of stages, as expected. Test results also showed that the produced pressure increased with increasing operating voltages, as shown in Fig. 11-(b) . It is noteworthy to mention that the shifts in the resonance frequencies were observed between HFT and HPT.
C. Pressure Vs. Flow Rate for Different Microvalve Timing
To measure the pressure vs. flow rate performance, the micropump was operated with different pumping loads at the resonant frequency. Pumping loads were controlled by applying various fluidic resistances at the tube. When the maximum pressure was measured, the tube was completely blocked. Then, the opening and closing times of the microvalves were modified according to the two methods: high flow rate timing (HFT) and high pressure timing (HPT).
Test results demonstrated (1) that the fabricated 18-, 4-, and 2-stage micropumps had multiple performance lines (HFT and HPT) depending on the microvalve timing, and (2) that the micropump performance was controlled by varying the microvalve timing, and (3) that a higher pressure was achieved by using HPT, and a higher flow rate is achieved by using HFT, as shown in Fig. 12 . As shown, each fabricated micro pump had at least two different performance lines (HFT and HPT). For example, an 18-stage micro pump generated a higher maximum pressure (17.5 kPa) using HPT than using HFT (12.8 kPa). Similarly, the 18-stage pump produced a higher maximum flow rate (4.0 sccm) using HFT than using HPT (2.6 sccm). Due to these differences, the multiple modes could be useful for different applications, such as micro gas chromatography, that may require different gas flows during operation [1] . This was the first demonstration of multi-mode gas pumping by actively controlling microvalve timing.
D. Power Consumption, Pump Efficiency and Temperature Variation
To measure electrical power consumption, the real-time voltage and current were monitored for all of membranes by utilizing three Fluke 196C scope-meters. Test results showed that 18-, 4-, and 2-stage micropumps consumed 57.0, 15.1, and 9.1 mW. These numbers correspond to 2.04, 2.16, and 2.28 mW per membrane and are comparable to the thermal measurement result of 1.50 mW.
To measure the pumping efficiency, the power in the flow domain was calculated and compared to the electrical power. The output power, which is consumed by gas pumping, of a 4-stage pump can be calculated as: Resultantly the efficiency was estimated to be 0.75%, by dividing the power values of fluidic output power (∼0.113 mW) by electrical input power (15.1 mW). Such a low efficiency indicates the difficulty of transferring energy to compressible media, such as gas. The measured temperature variation, utilizing an IR camera, in the micropump and the pumped gases was less than 0.6°C and 0.1°C (minimum resolution).
E. Long-Term Testing
Continuous testing of micropumps was performed over a 32-month while periodically operating, particularly, the 4-stage micropump between 30 seconds to 6 minutes during each test. At every test, the polarity of DC voltages at the two electrodes was alternated to minimize potential charging effects on the polymer membrane. The 4-stage micropump has been operated more than 700 minutes without failure during the 32-month period. No visible performance degradation due to charging or aging of the visco-elastic polymer membranes was observed.
VIII. CONCLUSION
Fully integrated peristaltic electrostatic gas micropumps with active microvalves were developed in 18-, 4-, and 2-stage configurations. Several design strategies were employed to (1) achieve high total pressure differential by accumulating the small pressures across individual stages without overloading individual stages; (2) generate high flow rate by actuating both the pumping and valve membranes at a high frequency using fluidic resonance of compressible gases; (3) produce multiple pumping modes by modulating integrated microvalves and their timing and (4) consume low power by utilizing electrostatic actuation. Several unique micro-structures have been constructed, including a stacked multi-stage configuration, dual-pumping chambers for device volume reduction, a polymer membrane for large deflection, dual curved-electrodes for low-power, and checkerboard microvalves. Testing results have shown notable gas pumping results: (1) high pressure (17.5 kPa) by accumulating pressure differences across multiple stages; (2) high flow rate (4.0 sccm) by operating the pump at a high fluidic resonant frequency (∼15 kHz) despite the small membrane size (2 × 2 mm 2 ); (3) pumping mode control (high flow rate or high pressure generation) by actively adjusting the microvalve opening duration (HFT or HPT); (4) relatively long stability over repeated cycles for more than 32 months; and (5) small power consumption (∼57 mW) and small packaged volume (25.1 × 19.1 × 1 mm 3 ), as summarized in Table 1 .
